We present optical sensors based on slotted multimode interference waveguides. The sensor can be tuned to highest sensitivity in the refractive index ranges necessary to detect protein-based molecules or other water-soluble chemical or biological materials. The material of choice is low-loss silicon oxynitride (SiON) which is highly stable to the reactivity with biological agents and processing chemicals. Sensors made with this technology are suited to high volume manufacturing.
Introduction
During the last decade there has been a rapidly growing interest in integrated optical sensors because of their many advantages over the nonplanar optical sensors. Many of integrated optical sensors (IOSs) primarily allow for sensitive, real-time, label-free, and on-site measurements of very small changes of biological and chemical parameters of species. There are different methods for IO sensing and the majority of them imply a change of the optical properties of the sensing, area such as its refractive index and thickness, which will be translated into a change in output intensity of optical sensor. In nearly all integrated optical sensors it is the change of effective index of refraction, N eff , that is utilized, and in some cases measurement methods rely on the phenomenon of optical interference [1] . That is clearly visible in the so-called interferometric sensors in which the output beam of the sensing waveguide interferes with a reference beam. Between the sensors in which they work, based on interference concept, here are a few to mention: Mach-Zehnder interferometers (MZIs) [2] [3] [4] [5] [6] , Young interferometer [7] [8] [9] , and Michelson [10] , of course resonator-type sensors also rely on interference such as ring resonator [11, 12] and Fabry-Perot resonator [13] . The typical resolution of these classes of sensors is in the order of 10 −7 -10 −5 refractive index units (RIUs). The most widespread sensing scheme is surface-plasmon resonance (SPR) [14] in which biochemical interaction on the surface of a grating translates into the changes of refractive index and will be monitored by resonance behavior of a guided wave at the surface of a thin metal film. Recently some sensing schemes based on surface-plasmon interference have been proposed [15, 16] . For these types of sensors typical resolution is in the order of 10 −6 -10 −5 . The grating coupler has been realized in the area of IO sensors as well, using wavelength interrogation or angular interrogation [17] [18] [19] [20] . In many cases an improved resolution of the sensor is obtained at the expense of limited operating range.
In this paper a novel type of IO sensor has been introduced. This sensor is based on a slotted multimode interference (MMI) waveguide in which the changes in refractive index are read out as change in output intensity. Due to its compactness, robustness, large operating range, and high sensitivity, the proposed device is a novel contribution to the field of optical sensing. MMI-based optical devices have been widely used for a variety of sensing purposes among them temperature [21] and chemical/biological sensors [22, 23] but in the best of our knowledge, slotted MMI devices have never been investigated for sensing applications.
This work describes the design and optimization parameters of the proposed device as well as the detailed description of fabrication process. The performance of the device in terms of sensitivity to bulk refractive index changes of covering medium has been experimentally investigated. The preliminary experimental results demonstrate the applicability of this specific configuration to detection of wide range of chemicals and biological species.
Design
Multimode interference (MMI) device compromises single mode input and output waveguides and a multimode region. This waveguide region is typically single mode in the transverse direction and multimode in lateral direction. Figure 1 shows a schematic configuration of a simple offcenter-fed MMI [24] .
The MMI region supports many lateral modes. The input signal excites these modes, which propagate with different phase velocities along the length of the MMI region and become out of phase. The input field will reproduce itself when the superposition of the modes in the MMI region matches the original modal distribution at the input plane. This condition occurs at planes where the phase differences among the excited modes are integral multiples of 2π, which allows the excited modes to constructively interfere and reproduce the input's modal distribution. The propagation distance at which this occurs is known as the self-image length and is described in (1):
The self-image length depends upon the wavelength (λ) and the polarization of the light, as well as upon parameters of the device such as refractive index (n core ) and width (W eff which is slightly larger than MMI width). Recently Mackie and lee [25] have introduced a new modification in MMI region which reduces the self-imaging length. The modification involves introducing one or more slots along the entire longitudinal length of the MMI region (Figure 2(b) ). The term "slot" refers to a narrow subregion of the MMI region, with a specific width and position that has a different effective refractive index than the rest of the Figures 2(c) , and 2(d), assuming a fused quartz wafer as the substrate (n clad = 1.445) and SiON as core material (n core = 1.49). The refractive index of the sample fluid film to be analyzed is 1.45, and it completely fills the slots. The operating wavelength is 1300 nm, and the width of the slot (W slot ) is set to 520 nm. Length of the MMI region (Length) is 2.2 mm, and the height of waveguide is to 2.5 μm.
As each mode of the MMI region propagates, it acquires a modal phase delay, given by (2):
where p is the mode number, z is the propagation distance, and L π is the self-imaging distance for the MMI without a slot. For slotted MMI regions, each mode also acquires an extra phase delay from the slots. This extra phase delay depends upon z, δn (the difference in effective refractive index between the slot region and the rest of the MMI region), the slot width W slot , and the value of the mode across the slot. One can approximate the last parameter as the value of the mode at the center of the slot. In fact, the extra phase delay from a slot will be zero for modes that have nodes (i.e., are zero) at that slot position. Self-imaging occurs whenever the difference in total phase delay between all successive modes is either an odd multiple of π resulting in inverted image (cross state) or else an even multiple of π resulting in noninverted image (bar state).
Slotted MMIs waveguides have raised a lot of interest due to their potential as MMI devices for separation/combination of wavelength/polarization, powersplitting, and novel types of MMI switches [25] but they have never been used for sensing purposes. This paper investigates the potential sensing application of this class of devices. Figure 3 represents a MMI with six-slots of equal widths which are placed symmetrically relative to the center of device.
In our design, we assumed a glass wafer as the substrate (n clad = 1.445) and SiON as core material (n core = 1.49). The fluid film to be analyzed forms the cladding and completely fills the slots. Therefore, we studied the behavior of the device for a typical range of refractive index of many solvents, which ranges between 1.33 for water and 1.5 for protein solution [26, 27] . The experimental results presented in this paper focuses on materials with index of refraction of around 1.5 and the operating wavelength of 633 nm. Experiments are in progress for the same device dimensions for refractive index of around 1.3 and operating wavelength of 1300 nm. It should be mentioned that wavelengths greater than 1300 nm are not ideal choices, since most of the liquid-based samples contain water in which they strongly absorb signals at these wavelengths. Slots widths are set to 520 nm value that can be realized in a reproducible way when using our SiON technology. Since the sensitivity of the sensor is proportional to L sensor , the long sensing structure would be desired. In our design, the length of the device is 8.1 mm. The height of SiON waveguide is optimized to 2.5 μm.
Every sensor application is characterized by its own specific set of requirements. Because integrated optical sensors are most competitive if high resolution is required, we will focus on this aspect and analyze the resolution prospects of the slotted MMI sensor. Resolution is defined as the smallest change in bulk refractive index that can be detected and measured by the complete sensing system. In slotted MMI sensor, more variation in field distribution has been observed for higher number of slots as the refractive index of sensing material varies. Figure 4 represents the field propagation in MMIs with even number of slots with the parameters mentioned and n liquid is set to 1.48. As depicted in Figure 4 , two arbitrary positions at the end face of the slotted MMI sensor have been selected to study the behavior of the field distribution with the change in the refractive index of covering material for different number of slots. The output signal is the relative differential intensity defined as
where P1 is the power in the right output and P2 corresponds to power in the left output. Relative differential intensity was plotted versus refractive indices of sample material and presented in the graph of Figure 5 . As the number of slots increases more oscillations will appear in the output signal, corresponding to an increase in responsivity of sensor for a small range of refractive index. The most oscillations have been detected for the highest number of slots. For six-slot MMI we can distinguish three maxima and minima, which oscillate from −1 to 1 in a small range of refractive index where 1 differential output corresponds to all power in righthand output port of MMI and −1 corresponds to all power in left-hand port. Rather than limiting ourselves to only two data points in the output side, we could monitor the intensity distribution at every point of the output face. Figure 6 represents the intensity distribution at the endface of a six-slot MMI sensor with the material parameters and dimensions as defined above while the refractive index of top liquids is 1.4682 and 1.465848. As Figure 5 shows, the response of slotted MMI devices is periodic in general which could lead to measurement ambiguity. In order to resolve this potential problem, we have investigated a wavelength interrogation method in which more than one wavelength at any time should be used so that the combination of sensor response at these wavelengths would lead to a unique value of refractive index.
In order to analyze this solution we simulated the behavior of the six-slotted MMI device used to obtain the results of Figure 6 at two new wavelengths. Therefore, we maintained the same material properties, dimensions, and covering liquid indices; however, the operating wavelengths are of 780 nm and 800 nm.
The results are illustrated in Figures 7 and 8 .Comparison of the results of Figures 8 and 9 illustrates that for any given refractive index the near field intensity profile of the sensor output depends on the operating wavelength. However, when the intensity profiles at two wavelengths of 780 nm and 800 nm are simultaneously obtained, a unique and unambiguous value for the index of refraction could be determined.
Further investigations showed that this device is capable of detecting very small variation of refractive index. A very simple signal detection scheme could conservatively recognize index variation in the order of 10 −5 . Graph in Figure 9 represents the normalized differential output intensity between the first and sixth waveguides (from left to right) as the refractive index of cover liquid changes between 1.465652 and 1.466436 with step size of 9.8 × 10 −5 . The theoretical predictions agree well with the experimental results, as will be demonstrated later. technology [28] [29] [30] , indiffusion of glass [31] , and polymer technology [32] are few to name. Between them, the SiON technology is the large range of wavelengths from visible to near infrared. With a precise control of process during reactive ion etching (RIE), SiON provides us with a high quality, straight sidewall which is required to our application. The chemical inertness of SiON makes this material a good candidate to avoid the reactivity with biological agents and processing chemicals. Finally, SiON growth and processing parameters have been well studied so that the desired characteristics required for this proposed sensor could be readily achieved. Sensor is structured in the multilayer stacks deposited on top of a silica substrate. SiON has been deposited by plasma enhanced chemical vapor deposition (PECVD), and the refractive index has been tailored by mixing different gas concentrations (SiH 4 , N 2 O, and NH 3 ). Patterns are created by photolithography and have been developed and etched by RIE using C 4 F 8 and O 2 . Figure 10 represents the fabrication process of slotted MMI sensor which will be discussed in more details as we proceed. First a 2.5 μm-thick SiON waveguide layer with refractive index of 1.49 was grown on a quartz wafer using PECVD. A thin layer of chromium deposited on SiON using PVD-Lesker 75 tools to a thickness of 120 nm. To define the slotted MMI, a positive photoresist S1813 diluted in PGMEA with the ratio 2 : 1 was spun on the chromium layer. Pattern has been transferred by a stepper tool, with a projection aligner with a reduction factor of 5.
Fabrication
After exposure and development of the resist, the pattern was transferred into the 120 nm-thick chromium layer by liftoff. The resist layer acted as an etch mask for the underlying Cr layer by reactive ion etching (RIE) in O 2 -Cl 2 plasma. The chief advantage of dry Cr. etch is that it etches anisotropically, which significantly reduces the chrome etch undercut. As a consequence, the critical dimension (CD) bias is greatly reduced and resolution improves [33] . Finally the Cr layer was used as a mask in a second RIE step to transfer the slotted MMI structure into the SiON waveguide layer. C4F8/O2, 80/5 sccm-based plasmas are used for selective etching of high aspect ratio trenches in SiON. Additives such as oxygen are often used to optimize the process [34, 35] . In the last step fused silica wafers were cut in 1 in 2 chips with a highspeed saw, followed by a polishing step. Some Scanning Electron Microscope (SEM) pictures of the devices are shown in Figure 11 . The cross-section of device shows an almost perfect rectangular trenches and straight, smooth side walls.
Experiments
Each chip containing 10 devices was mounted on a translation stage. Light from a He-Ne at 633 nm was launched into a single mode fiber and coupled to the input waveguide of the MMI sensor. The light output from sensor was imaged on a BeamPro (Photon Inc.) camera. Over the depth of focus of the imaging lens the output signal is integrated; therefore, the intensity profile obtained with this method should be considered to be the far-field distribution of the device, while the simulations of Figures 6, 7 , and 8 represent the near-field intensity profile. A liquid with refractive index of 1.4682 at 633 nm wavelength and temperature coefficient of 0.000392/
• C (Gargille certified) were used as sensing material. The cover refractive index was changed in very small steps between 1.4632 and 1.4682 by an infrared thermal emitter source element. BeamProfiler software (version 2.84) was used to monitor the far-field intensity distribution as the refractive index changes and is compared with values published in literatures [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Figure 12 shows a 3D far-field intensity profile of the output end of six-slot MMI sensor with the dimensions and device parameters mentioned in fabrication section with the cover liquid's refractive index of 1.465652 at the wavelength 633 nm.
The change in refractive index has been carried out by heating the covering medium using infrared thermal emitter source, while real-time intensity change of the output endface is being monitored and stored in very small steps by camera and software. . Figure 14 shows a 3D image of intensity distribution for two different cover indices in the far-field. As depicted, the intensity distribution pattern at the output shifts as the refractive index increases from (a) 1.466240 to (b) 1.466436.
Results of Figure 13 verify a resolution of the order of 10 −5 for change in the refractive index, as estimated in the theoretical section. This resolution implies a control of the temperature of the sensor and liquid system within 0.2
• C, assuming typical thermo-optical coefficients of liquids of interest in biochemical and chemical monitoring. This could be overcome by developing a calibration process and implementing a dual wavelengths interrogation method. Although the results presented in this paper are for the refractive indices of around 1.46, this device could be easily used for much lower refractive index range, around 1.33, to detect water-soluable chemical. In such a case all the device parameters and dimensions should remain the same, but the operation wavelength would be at 1300 nm. This wavelength is below the absorption spectrum of water.
At this point no assessment of the repeatability of the fabrication process has been done, but all devices on a single chip were functional. Further study should be conducted to compare their performance characteristics. Another aspect of this project that requires further investigation is the development of a practical calibration method. As Figures 6-8 illustrate, the dynamic range of slotted MMI sensors can be enhanced if two or more wavelengths are incorporated to overcome the ambiguity problem. Another solution that is being considered is to develop an image processing tool to identify the power distribution associated with a unique index of refraction.
Conclusion
A novel configuration of integrated optical sensors based on slotted MMI structures has been proposed and demonstrated. The results confirmed that higher number of slots in the multimode area increases the sensitivity of device to the change in bulk refractive index of sensing species. Material of choice was SiON which is a robust material in terms of interaction with detectable chemicals comparing to sol-gels, and the technology for depositing SiON has been already developed. A maximum resolution of 9.8 × 10
−5 RIU at a specific operating regime is expected.
